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QUARTERLY REPORT
Nonr 220(13)
Vacuum Tube Hesearch Project

California Ingtitute of Technology

This revort covers the fifth three months of operation under
this contract and is for the period Aprii 1, 195k through June 30; 195k.

The principal content of this report is a description of amp-
1ifying tube probe measurements, and their related analysis which have lad
to apprreciable further understanding in our examination of the causes of
saturation under attenuators and in drift spaces,

Further work ir the examination of various proposed theories
{cr the generation of radio noise is described.

The beginnings of further work in M-carcinotrons is discussed,

Finally, the beginnings of our effort to apply ferrites to
slow-wave propagating structures is described,
Project A -~ Theoretical Studies of the True Tape Helix and Application to

Electrostatically Focused Bifilar Backward-Wave Oscillators

This work was not active during the periocd reported here; but
will be reactivated during the following quarter with the completion of a

new tute for these purposes.

Project B - Backward Wave Oscillator Efficiency
This work is clossly related to thst of Project A and was not
active during this period but will be reactivated in connection with Trajec?

A.
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Prcject C - Power Limitation in Forward Gain Amplifier Tubes by Atterua-
tor Saturaticn
Staff: T. B, Feuchtwang, W. Buchman, E. V. Hogle, L. K. Field
Concurrent with our theoretical investigations, a number of ex-
periments were conducted,

A. Protedure: To permit ready observation of saturation effects, a low

power traveling-wave tube was constructed, The avercpe operating conditions

at 3000 mc are indicated below:

. Q QC N V Helix I Beam Driver

.038 3.18 012 59 650 V oY mA 2K L1 Klyatren

The experimental set up is sketched below:

Traveling .
Klystron Attenuator Probe Amplifier

e g1 (O]

Scope

} e e

Figure 1.

The r.f, probe cousisting of a single turn coupled helix siid along the
outside of the tube. The probe-Xtal-amp-scope combination was calibrated
by cold measurements to give a conversion of scope units to power on the

helix in dbm.

B. DNiscussion of Results: With this set up, several runs of power (on
the helix} vs. distance (along the helix) were carried out, The parameters

ugsed were (1) attenuator length

(2) driving power.
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2" attenuator: On Flgure 2, a number of plots of power vs, distance are
d!splayed. The data was taken with a 2" attervator placed about 2" beyond
the helix beginning. We clearly observe three distinct regions.

(1) The exponential rise before the center attenuator (trane-
formed by use of log scale into a straight line)

(2) The irrspular field picked up over the attenuator

() The rise beyond the attenuator.
It is noticeable that increased drive resulis in (1) reduction of the gaiq//
unit length, (ii) decrease of the length of the output section in which
gain occurs, and (iii) failure of the gaining wave to build un altogether.
The sequence corresoonds in our previous terminologsy to, (i) possitle par-
tial saturation of the beam because of hash which reduces the size of the
active beam and possibly the introduction of a velocity scatter which
diminishes gain; (ii) hash level much higher than useful signal, beam quite
saturated, and possibly only after the lower order plasma waves have gone
through sufficient phase change to cause a partial cancellation of wvelo-
citly scotter dnes enough pain per length cccur to permit the signal to
start rising againg (ii3) beam completely saturated by hash (a.c. hash
current density peaks exceed d;c. current density).

Calcutlations of the a.c. current hash and a.c. velocity scatter
pertinent to the tube tested here are described in a later section of this
report. rom such calculations, whose essence as far as currentv hasn is
concerned is summarized in Figure 6, one can attempt to predict the level
at which saturation sets in using varicus lengths of attenuators. In
curves of the ijpe shown in Figure 2 and Figure 3 the differences between
short and long attenuators are difficult to discern. TInasmuch as only a

gross saturction effect at an appreclatle distance beyond the end of the
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attenuator is clearly evident and as we can see from the theoretical work as
exemplified in Figure 6, at an appreciable distance beyond the end of the
attenuator saturation levels are pretty much the same for a veriety of at-
tenuator lengths, it is evident that we can expect 1ittle difference between
short and long attenuators cbserved on this basis. (It should be noted
we consider that insofar as the saturation caused by high order modes is
concernad, that the high order modes continue to build up in the same way
in tha output hellx section beyond the attenuator that they would under an
attenuator. At least this is the simple postulate we make subject to later
slight modif{ication by more advanced analysis. The measurements shown on
Figure § seem to lend experimental support to this idea,)

In order to test the predictions of Figurs 6 much more closely
than is possible with the {ype of measurements made on Figure 2 and Figure
3, a specific test of saturation levels at various distances beyond the end
of the attenuator was made and will be described later in this report.

There are, however, some fine scale features of the measurements
made and described in Figures 2 and 3 which it may b possible to examine
on theoretical grounds. In Figure 2, for example, at a certain drive level
the amplification after the attenuator continues but has been markedly re-
duced., We are currently attempting to theoretically predict the magnitude
of this effect and this work will be reported on in our next quarterly re-
port. We also cobserved on Figure 2 that at a somewhat higher drive levsl
amplification cannot start in the helix after the attenuator until we ha s
traversed sbout 10 cm, at which point the gain again comes into beir;. we
shall try to predict this effect on the basis of our theoretical current
and velocity distribution curves and discuss it in ocur ncxt report,

In connection with the curves just discussed, the significancs



Power on the Helix vs. Distance along the Tube for a

2" Attenuator

Fipgure 2.



for a

Distance along the Tube

5" Attenuator

VS o

Fower on the Helix

Figure 3
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ol the readings over the attenuator was questioned, Since the probe was
coupled to the helix only, that is, detected only energy actually travel-
ing on the helix, it secms that the assumption that the helix and attenua-
tor combination acted like a drift space was not quite satisfied, and that
the helix prcbably propagated some energy. If, as the case seems to be,
this energy was propagating in a high velocity mode, the coupling to the
probe was much increased cver that o! ihe slow waves, Consequently what-
ever energy was detected was at a proportionately much lower level, i.e.,
the plot is probably quite misleading in the attenuator region., It is
moreover possible that some admittance wall amplification does occur in
the attenuator. Both these possibilities will be further investigated in
the future., A second point of interest is the fact that the outrut signal
does not start from zero (-« on the log scale). This may be explained as
followss: Because of the taper in the attenuator, the regular gain process
starts somewhere hefore the end of the attemuator. At the same time the
propagation of the fast mode on the outside of the attenuator is reduced.
These two effects tend to add in such a way as to wash out the transition
from attenuator to helix. It is interesting to note that at low drive
ievels, the extrapolated signal at the output of the attenuator is about
L db below the input tc the attenuator.¥® This result checks with the cal-
cuiations,

5" attenuator - Figure 3 shows a set of power vs. distance curves like

those in Figure 2, but taken with a 5" attenuvator. The general tendency
is unchanged, however, the drive level producing saturatior is somewhat

tower. The transition from attenuator to helix is quite pronounzed in this

¥ This equivalent signal was obtained by extrapolating the final field
vs. distance plot back to the atienuator output (see Fig. 2).
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case, Apparently, the transmission of the fast mode (see above) dropped
considerably before the end of the attenuator was reached, sc that when the
exponential growth could start again, no other energy was traveling on the
helix. There was not enough lenpth of helix heyond the attenuator to ob-
serve saturation due to the tube 1tself, The fact that the amount of
damage done by the attenuator is a function of its length is difticult to
observe with respect to Flgures 2 and 3 as previously discussed. In order
to check this point quite carefully, the experiment described next was car-
ricd ouat.

Relative Drive Required to Give Absolute Saturation vs, Mistance beyond

Attenuator: To supplement the curves discussed above, a different set of
measurements was taken. Taking as a criterion the relative drive at the
input of the attenuator necessary to produce a maximum field along the helix
beyond the attenuator, measurements of drive producing saturation vs. dis-
tance beyond attenuator were taken, The saturation defined above 13 much
more severe than that usually considered, i.e,, not only is there a drop in
gain with increased drive, but the actual field at the point in question
drops with increased drive., The relative drive was determined by the set-
ting of the input attenuator. 1In crder to preserve identical inoput condi-
tions, the attenuator length was changed by removing parts of the outpat
end of the attenuator, leaving the input end unchanged.

The curves seem to indicate that the amount of damage done by
center attenuators of different lengths approaches an upper bound. (Figure
). The curves were replotted with distance ncasured from a fixed point
along the tube (Figure 5). Calculations have checked fairly well the dif-
ference between the first points of each of the three curves on Figure h.

This was done by calculating a theoretical curve giving relzative drive
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producing saturation at the end of the attenuator, vs, attennator length.
(Figure 6. In camputing this curve saturation was considrred to set in
when 1ac = idc using the high order mode summation plot of Figure 7.) We
are currently using the information plotted in the remaining figures of this
section to attemprt to predict the variation in saturation level vs, distance
from the end of the attenuator which was measured in Figure L. 1In addition,
as previously remarked, we are attempting to use our velocity distribution
curves to predict changes in gain beyond the attenuator ana the ability of
the tube to resums gain after having transversed an appreciable length be-
yond the attenuator without showing evidences of gain, Such calculations

will be desceribed in ocur nexi report,

APPENDIX TO PRCJECT C

A.C. Current and Valocity Profiles: As a byproduct of the calculations

mentioned above, the redial distributions of a.c, current densities (i) and
a.c. velocities (v) were obtained for various lengths of attenuators., The
calculations do nnt take into account the fact that the beam does not com-

pletely f£ill the inside of the helix, Some representative plots and calcu-

lations are given below,
It i3 interesting to note that the calculations indicate:

(1) As the length of the attenuator increases, the currents
and the velocities at ditferent radii show considcrable
phase differences., To account for this instantaneous
profiles were also drawn with the time reference chosen
when the greatest a.c. peak went through its absolute
maximum,

(2) The current dengity peak is always very close to the edge
of the beam, while the velocity peaks occur at radius
which variesz markedly from section to section,
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Fipure 1
ARSOLUTE MAGNITUTE OF CUxENT DENGITY AT DIFFERENT RADII
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Mgure 9
ABSOLUTE MAGHUTUDE OF VELOCITIES AT DIFFERENT RADII
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Figure 10
INSTANTANECUS VELOCITY
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SAMPLE CALCULATIONS

(1) Design Parameters.
V = 650 volts
I = .5 mA
2b = 1,27 mm = bcam diemeter

2a = 2,31 mm « mean helix diameter

u L | ——rer
o = zZ

= ,518 cm (at 3000 mc)

[+4
[

2na e
—— -

zg ‘O a = 1.110
Ko = (15) (19.L) (Read from Chart A6.5, p.250, Pierce)

g

Correction for actual helix _& = ,55 (Cutler Chart)

d

C = .03k

Q = .75 (A 6.4, p.2L9 Pierce)
Q = 1.75/.55 = 3.18

Q= .11

Note: These calculations wers based upon the design data and were startg:d
before the actual experimental runs, hence the slight discrspancy
between the assumed and actual values of Io and V_ . However, the
difference is gmalier than the probable error in the experimental data.

(2) Current and velocity profiles at the output of various lengths of attem-

ator:

Equations used:
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v ARERN ”, [ 1’)
-3 1" A Jo
i"QiI(pa)ep oy bt - —
e =1 2 < z
n=1 (ra)e(pa) 9 (T, 8)
( 7 bn e 2
15003 ———_f?p"'_—_ —— 4+ Je" 3 / 1 +("rn—"a> Cg—e sin -:—EI_):::—,—-
(™ V2 ree) BT
.Bea) \Bea/
o
1o -yp 2 ; | Tn @ Jo (T, 1)
vw?o2l (B a) p_ e e — 2 2
o e o n=1 (T a)° + (pga)® J, (T =a)
ﬁl'{"“ 2 p By h
Ce” 3 cos —— ﬂ_p______ =D ‘Tp“ F.‘:—l“'_— - sin ——E—‘/_ =
V_'"l'na) Z e T.a)\ 2 oa e
1 I n +/ —=D__
. \OF /’“(Be ) ! (ae >
where 17 a = nth zero of J
n o
io = currant density on axis of tube at the entrance of the
drift space
B, = 1. [l 5 = Le.on?
“0 V £o uonb
-1

Bg = 12ifm

U, Io are d.c. velocity and d.c. total beam current respectively
Y e electron charge
l= & electron mass

(3} Extraction of the Ioth component of a.c, velocity and a.c. current at

the outrut of an attenuvator.
As discussed in progress reports No. 2 and No. 3, the modes encoun-
tered in our analysis are not orthogonal., We are assuming for the moment,

however, that the error Introduced by assuming them to be orthogonal 1s not
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large. As a first approximation we therefore considered Io (the useful
signal) and the modes generzted in the attenuator to be orthogonal and ex-
tracted the Io component of the current and velocity entering the halix
from the attenuator, by evaluating graphically

a

i
fr I, (Byr) 7, I, (g a)
0

a

o~

/ 2
J r IO (Be r)
o)

and setting — = Ai Io (ﬁe r)

21 Io(ge a)

and similarly §I—~—1————— = A, I (B, T) .

0

— I (B, a)

p, o€
In the method which is now being worked on and which will bhe described in
the following section of this report the true mcdes--both gaining and high
order--come out sutomatically, but one is still faced with the problem of

determining the proper relative amplitudes in view of their not being or-

thogonal.

Project D ~ Proposed Method of Expansion of Traveling-Wave Tube fields
intc Modes

Staff: W, Buchman, L. M. Field
In addition to the study of appropriate methods for determining the
relative amplitudes of the non-orthogonal modes existing under an attenuator
or in a helix when excited by an arbitrary radially varying current, exten-
sive computations have bepun on the following probliem, We propose to compute

the solutions for a limited number of cases of the complete field theory
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of a beam propagating under a helical conducting sheet which has near it a
surrounding resistive sheet serving as an attenuator. In the case of the
helix alone folluwing the attenuator, the analysis will also apply, but the
resistive sheet will be absent. The method ir essentially as follows. We
use as a basis the impedance wall amplifier charis of Birdsall and Whinnery
except that we will extend these to include several hipher order modes by
computation. Given a certain size beam, frequency, velecity of electrons
and charge density, these charts will give the propagation constants indi-
cating gain or decay and phase, of 3ll modes which can be excited in the
stream including both the main gaining wave--principally of Io form~-and the
higher order waves--principally of Jo form--provided that one knows the com-
plex impedance at the surface of the beam which produced by ths surroundings.
Aciually, of course, with a lossy propagating medium surrounding the beam

the Io and Jo form just mentioned will have complex arpguments and hence

not be a purse IO or J, variation,

In order to solve the problem it is required that next we make charts
of the imwedance presented to the veam by the external circuit, To our
knowledge this has not been done in any appreciable generality or complexity
and we propose to do it for a sheath helix with a resistiwe sheet surrcund-
ingte sheath helix. We are plotting the impedance at some rudius inside of
the sheath hellix corresponding to the beam radius, as & function of complex

super-
propagation constant.. Then by /Amposing plots taken from the Birdsall and
Whinnery work and these new plots from cur own computations, one can find
where the same complex impedance in both plots exists with the same complex
propagation constant., This will occur at a number of points and each one of

these points corresponds to one of the modes of the complete solution, These

computations are now being prepared for the digital computer,
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Inasmuch as our attenuaior saturation studies huve shown that in
many practical tubes pain effects occur under the attenuator and these may
be pure resistunce wull or may be sssociated with propagation, we beiieve
a solution of the complete nroblem at lnast for a few special cases will

shed much new light on the subiject.

Project E - A Study of the Relation between Microwave Noise Generation
Processes and Fossible Noise Generation Processes in Radio
Astronomy.
Staff: H. W, Gould, L, M, Field

Outline of subjects worked on:

I, Non-linear Theorv of Plasma Oscillations - An exact solution

to the equations describing a beam of monocenergetic electrons has been ob-

tained for the case vhere the disturbance is in the form of a traveling

wave
’ 5. =t .
- m L é(x A t) .
It is

Gy, X v/ %
-1 1-Y1+2
- - -‘V/-.(e@) + 2f1+3 + 2€ -sin —_—
where @ = electrostatic potential
V = wave velocity
o, = plazma frequency of the stream

& = amplitude parameter, which —» O for small amplitudes.

TPX

The small amnlitude approximation is & = 2 J2 € sin - and the period
of the exact solution is independent of amplitude, The form of the exact
solution is not convenient for calculation of any of the guantities which

mipght be of interest, e.g., frequency spectrum and energy density, but it

snould be possible to calculate the energy density for small signals correct



to second order without difficulty.

11. A, C. Enerpgy in an Klectron Stream - A conservaiion theorem

for a.c. energy huis been derived under the assumptions that the linearized
2quations of motions are the rigorously correct ones, that the velocities
are non-relativistic, magnetic forces neglected, and that the d.c, flow of
the stream is uniform. Such a theorem sllows one to work completely within
the linear theory when computing quadratic quantities such as kinetic and
potential energies, provided one takes as definitions of these quantities,

the quantities which appear in a natural manner in the conservation theorem.

The theorem may be written,

ve 2 -
_a_[m(@_;ﬂ E_E_] (o] -
3t lal 3 * P YUy vH 2) . 7 L(uo vi 0

=g

where quantities without subscripts are a.c. quantities and quantities with
the subscript zero are the d.c. or steady quantities, One may then inter-

pret the result as follows:

2
PoV
5 + p u-v= kinetic energy densiiy

E k¢
- = electric f{ield energy density

(uon v)i = vector power flow

This seems to te in general agreement with definitions proposed by others,
although there is still some confusion, and in particular, the definition of
kinetic energy density is at variance with that supgested by Heffnefland the
definition of nower flow, although conforming to usage of others, is at
variance with the result of Tnnks who used the correct non-linear equations

ol moticn.
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III. Double Stream Amplification. - The process of double stream

amplification is being considered in considerable detall because it seems to
be ihe most 1likely explanation of the large amounts of noise from solar
flares, The simplest model which contains at least some of the essential
featur ~~, including amplification,was first analyzed by Pierce2 in connec-
tion with another problem and consists of a stream of charped particles
moving with average velocity in ihrough another system of charged particles
with zero average velocity. The result of this analysis is that for plane

t - B-x)
disturbances of the form ej(w P £ B 1is given by,

1 == (a)

where wy is the plasma frequency of the moving stream and W, is the
plasma frequency of the stationary stream,

Of particular interest is thc circumstance under which solutions
which represent increasing waves may be exclited and the method suggested by
Tw1593 has been applied. This ccnsists of finding the transient solutiocn
and requiring that, at & point x, there be nc disturbance before t = x/uO .
In soine cases this procedure rules out certiain solutions, e.g., the incoming
waves of the crdinary wave equaticin, but the result of this analysis was to
show that both the increasing and decreasing waves are excited by an arbitrary
disturbance at x = 0 whose frequency is less than the plasma frequency of
the stationary stream,

In order to pain further understanding of the steady state growing
wave solatium. an enerpy balance wasg prepaved using the definitions given in

II. The time average kinetic enerpy of the stationary stream was found to

bhe




7

w : £
<kinet1c enerm;} - 2 & <f-:a> > <E2>- time average stored 0)
2 wl ° ) electric energy ‘&
while the time averapge kinetic enerpy of the moving stream is
: ol £ 2
kinetic energy = = — t——=, 0 ES> {c)

2 e A
“o LIm ﬁ]

By virtue of the dispersion relationship (a) the sum of ihese quantities is
zero., Furthermore, the power flow is zero and there 1s no time average
energy transfer to elther stream, i.e.. 1 ¢« E £ O for both streams. Elec-
trons in the moving stream must pive up energy to field, but this is com-
puted from <i (x-uot) E(x-uot)> not <i(t) . E(t)> > This has not
been evaluated as yel, btut it is expected that it will give the decrease in

kinetic energy indicated by (c) .

— e e —_

. H. Heffner, unpublished Bell Telephone Lab. Memorandum.

e J. R, Pierce, "Pcssible Fluctuations in Electron Streams due to Ions®,
JAP 19 231 (19L8).

3 R. Q. Twiss "On Bailey's Theory of Amplified Circularly Polarized Waves
in an Ionized Medium', Phys.Bev.8l4 LL8 (1951).

Project F - A Study of the M-Carcinotron
Staff: J. W, Sedin, L. M, Field
To further extend the study of the conflict between starting current
theory and starting current measurements which has been described in the
French literature on M-carcinotrons, we have been atlemnting to insert the
concept ot slipping stream amplitication into the M-carcinotron starting

current analysis described in our Quarterly Repori No. i,
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During the course of the cuming quarter we will be building a simpie
model, low-power M-carcinotron for the purpose of checking starting current
measurements vs. theory, vitaining experience with the operation of such
devices, and comparing its relative efficiency with that of thre backward-
wave oscillator. The current design calls for a S-band tube usirg a flat-

tened bifilar helix as the propagating circuit,

Project G - Application of Ferrites to Slow-Wave Propagating Structures
Staff: J. W. Sedin, C, C. Johnson, L. M. Field

In the helief that the application of ferrites to slow-wave
propagating structures can result in much more efficien¢ operaiicn and
shorter tubes in forward-wave amplifiers and perhaps novel ferms of backward-
wave oscillators and other tyvres of interaction devices, we have begun
experiments with ferrites. Our particular interest is the use of the
ferrite in a regioi ui circularly polarized magnetic f{ield from a propagat-
ing structure,

To produce a system with large attenuation in one directicen and very
small attenuation in the opposite direction, dc demagnetization eftects due
to the position of the ferrite boundaries along the direction of the polari-
zing field have occupied our attention. It has been possible, for example,
by proper attention to these effccts, tc vary the polarizing H-field necessary
for the production of a large ditference of attenuation in the two directions.
From LOOO gauss to s low as LOO gavss at a checked frequency--for exemple,
9000 mc--using & pgiven ferrite swhas Ferramic J, some of these principles
of gulding mapnetic field along a ferrita and dlstorting the magnetic field
direction into the proper direction fer interaction with the circularly

polarized H-field of the electrcemapnetic wWave were strongly brought to our

|
|
!
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attentien by the important advances made at the Bell Telephone Laboratoriles

using heiical forms of ferrite which were described at the June 135L Tube

Conference at Oronc, Haine,

This use of the saturation flux density of a

ferrite and of its properties as a fairly high permeability dc magnetic

circuit in addition to its rf properties leads to interesting possibilities

in the construction of ferrite unidirectional attenuators in traveling-wave

tiubes using a variety of possible slow-wave propagating structures,

We are continuing
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